We investigate the possibilities of searching for non-standard CP violation in pp → ttX at multiple TeV collision energies. A general kinematic analysis of the underlying partonic production processes gg → tt and qq → tt in terms of their density matrices is given. We evaluate the CP-violating parts of these matrices in two-Higgs doublet extensions of the standard model (SM) and give results for CP asymmetries at the parton level. We show that these asymmetries can be traced by measuring suitable observables constructed from energies and momenta of the decay products of t and t. We find CP-violating effects to be of the order of 10 −3 and show that possible contaminations induced by SM interactions are savely below the expected signals.
Introduction
A high energy and high luminosity proton-proton collider, such as the planned Large Hadron Collider (LHC) at CERN, would be capable of producing millions of top and antitop quarks. This would offer the unique possiblity to explore in detail the physics of these quarks -which have not been discovered yet, but for whose existence there is indirect evidence [1] . Specifically, since the top is known to be heavy, m t > 113 GeV [2] , precision studies based on large samples of tt events may serve as a probe, through sizeable top-Yukawa couplings, to the electroweak symmetry breaking sector (Higgs sector for short). This sector may have a richer structure than the one conceived in the standard model (SM) -as is the case in many of its extensions. As a consequence a number of new phenomena may exist. A particularly intriguing one is a new "source" of CP violation provided by the Higgs sector 1 which is unrelated to the KobayashiMaskawa phase [3] . This is possible already in the two-Higgs doublet extensions of the SM [5] - [7] : here neutral Higgs boson exchange leads to CP-violating effects in fermionic amplitudes, and these effects would show up most pronouncedly in reactions involving top quarks [8] - [11] . The subject of this paper is to investigate in detail 2 the manifestation and the magnitude of neutral Higgs particle CP violation in pp → ttX.
(For other studies on CP violation in top quark production and decay see [12] - [25] . ) The outline of our paper is as follows: In section 2 we give a general kinematic analysis of the reactions gg → tt and→ tt which are the leading partonic processes in pp → ttX. We study these reactions in terms of their production density matrices and describe the properties of these matrices under various symmetry transformations including CP transformations. In section 3 we evaluate the CP-violating parts of the density matrices in a specific model, namely the two-Higgs doublet extensions of the SM with CP-nonconserving neutral Higgs boson exchange. Correlations which are sensitive to CP violation at the parton level are identified and results for their expectation values are presented. In section 4 we show that these CP asymmetries can be traced in pp → ttX by looking at simple observables which involve energies and/or momenta of the decay products of t andt. Moreover, possible contaminations by CP-conserving interactions are discussed and shown to be much smaller than the expected signals. In an appendix we list the analytic results of our calculations.
2 Production density matrices for gg → tt and→ tt Because a heavy top has an extremely short lifetime (τ t < 10 −23 s if m t > 100 GeV), the polarization of and spin-spin correlations between t andt are not severely diluted by hadronization [34] . These are "good" observables in the sense that effects involving the spins of t andt can be treated perturbatively. Therefore we will discuss the reaction pp → ttX, respectively the underlying partonic processes in terms of production density matrices. We will consider only unpolarized pp collisions. At LHC energies tt pairs are produced mainly by gluon gluon fusion. This reaction dominates over quark antiquark annihilation into tt. We will first discuss the (unnormalized) production density matrix for the reaction g(p 1 ) + g(p 2 ) → t(k 1 ) +t(k 2 ) in the gluon-gluon center of mass system. It is defined by
where α, β are spin indices, p = p 1 , k = k 1 and N g = 256. We sum here over the gluon spins and colors since we are only interested in analysing the polarizations of the t andt and their spin-spin correlations. The matrix R g can be decomposed in the spin spaces of t andt as follows:
The first (second) factor in the tensor products of the 2 × 2 unit matrix 1l and of the Pauli matrices σ i refers to the t (t) spin space. Because of rotational invariance, the functions B g± i and C ij can be further decomposed:
Here the hat denotes a unit vector and n = p×k. The structure functions A g , b ± gi and c gi depend only onŝ = (p 1 + p 2 ) 2 and on the cosine of the scattering angle, z =p ·k. Next we discuss the properties of R g under various symmetry transformations. Since the initial gg state is Bose symmetric, R g must satisfy
The initial gg state, when averaged over colors and spins, is a CP eigenstate in its center of mass system. It is therefore possible to classify the individual terms in R g according to their CP transformation properties. If the interactions were CPinvariant, the matrix R g would have to satisfy
In table 1 we give a complete list of the transformation properties of the structure functions under P, CP, and exchange of the initial gluons ("Bose"). It is also instructive to collect the properties of these functions under time reversal (T) and CPT transformations neglecting, just for this purpose, non-hermitean parts of the scattering matrix. To give an example, table 1 is then to be read as follows: for a T-invariant interaction one has b
± g3 = 0 only at the Born level, whereas at higher orders absorptive parts render this function non-zero. Because of Bose symmetry, the structure functions A g , b ± g2 , c g0 , c g2 , c g4 , c g5 and c g7 are even functions of z, the other functions are odd in z.
The contributions to R g can be decomposed into a CP-even and a CP-odd part:
As can be read off from table 1, the CP-even term R g even in general has the following structure: The above discussion of the transformation properties of the structure functions holds to all orders of pertubation theory.
The production density matrix R q for→ tt is defined in complete analogy to (2.1) as 9) where N q = 36. 
CP violation and density matrices in two-Higgs doublet models
Up to now our discussion has been independent of any specific model. Suffice it to say that the Kobayashi-Maskawa mechanism of CP violation [3] induces only tiny effects in the flavor-diagonal reactions of sect. 2. In the following we will concentrate on CP-violating effects generated by two-Higgs doublet extensions of the SM with CP violation in the scalar potential [6] . We briefly recall the features of these models relevant for us. CP violation in the scalar potential induces mixing of CP-even and -odd scalars, thus leading to three physical mass eigenstates |ϕ j (j = 1, 2, 3) with no definite CP parity. That means, these bosons couple both to scalar and pseudoscalar fermionic currents. For the top quark these couplings are (in the notation of [8] ):
where G F is Fermi's constant, m t is the top mass,
tan β = v 2 /v 1 is the ratio of vacuum expectation values of the two doublets, and d 2j , d 3j are the matrix elements of a 3 × 3 orthogonal matrix which describes the mixing of the neutral states [8] . In the following we assume that the couplings and masses of ϕ 2,3 are such that their effect on all quantities discussed below is negligible. Then the measure of CP violation generated by ϕ ≡ ϕ 1 exchange in flavor-diagonal reactions like gg → tt,→ tt is
where we have put a = a 1t ,ã =ã 1t . So far, data from low energy phenomenology, in particular the experimental upper bounds on the electric dipole moments of the neutron [26] and of the electron [27] do not severely constrain this parameter: γ CP may be of order one. We note here that the couplings of the ϕ j to quarks and leptons induce CP violation already at the Born level. The especially interesting case of a Higgs boson ϕ decaying into tt was shown in [11] to lead to CP-violating spin-spin correlations which may be as large as 0.5. (For other discussions of the CP properties of neutral Higgs bosons see [28] - [33] .) We will now discuss the structure of the matrices R g CP and R q CP in these models. The Higgs boson contributions to the processes gg → tt and→ tt discussed in section 2 are shown, together with the leading SM diagrams, in figs. 1, 2. Since the CP-nonconserving neutral Higgs exchange is, in particular, parity-violating, the relations R
hold as long as R CP results from interference of these Higgs exchange amplitudes with amplitudes from parity-invariant interactions. This forces b The explicit results for the matrices R g and R q evaluated from the diagrams of fig.  1 , 2, respectively, are given in the appendix. The width of ϕ must be taken into account in the calculation of R g if ϕ > 2m t , since in that case the contribution from fig. 1h can become resonant. Because for ϕ > 2m t the width of ϕ is not very small as compared to its mass it is important to note that the narrow width approximation cannot be applied in this case. In view of the above discussion it is now very easy to identify the correlations at the parton level which trace the various CP-odd parts of the production density matrices. The expectation value of an observable O for the respective parton reactions is defined as 
or linear combinations thereof, where s + , s − are the spin operators of t andt, respectively, f e (z) is an even function of z and f o (z) is odd in z. One has for example 
]/(all tt) studied in [10] . We reproduce the numerical results of [10] for ∆N LR if we neglect Γ ϕ and use γ CP = 1/ √ 2 which corresponds to the parameter Im(A 2 ) = √ 2 used in [10] . The functions c g1,g2 , c q1,q2 generate nonzero expectation values of the triple product correlationsk
and of their linear combinations, where h e and h o are even and odd functions of z, respectively. For example,
In fig. 4 we plot this basic CP-odd and T-odd spin-spin correlation with the same choice of parameters as in fig. 3 . It reaches values of up to about two percent. For completeness, we show in figs. 5 and 6 the expectation values k · (s + − s − ) q and k · (s + × s − ) q , respectively, again for the same choice of parameters as in fig.  3 . Here the CP asymmetries get smaller with growing Higgs masses.
CP observables for pp → ttX
The CP-violating spin-momentum correlations for t andt of the previous section must be traced in the final states into which t andt decay. In this section we discuss a few observables which allow to do this. The charged lepton from t → W b → ℓ + ν ℓ b is an efficient analyzer of the top spin [35] . We will therefore conider only decay chains where at least one of the top quarks decays semileptonically. We shall use the SM decay density matrices as given in [16, 18] .
Observables in pp → ttX cannot be classified as being even or odd with respect to CP, because the initial state is not a CP eigenstate. However, they can be classified as being T-even or T-odd (i.e. even or odd under reflection of momenta and spins).
Their expectation values will in general be contaminated by contributions from CPconserving interactions.
The asymmetries in the t andt polarizations in the production plane, as given in eqns. (3.6) and (3.7), translate into T-even observables formed by energies and/or momenta of the final states. As an example, we have investigated the expectation values of the following two observables (another one was given in [10] ):
Here E ± , ℓ ± are the energies and momenta of the leptons in t → ℓ
in the laboratory frame and k t(t) is the top (antitop) momentum in this system. To measure A 2 , one has to select events where the t decays leptonically and thē t hadronically, which in principle allow to reconstruct thet momentum [36] , and vice versa. We will give explicit expressions for the expectation values of A 1 and A 2 below when we discuss contaminations by CP-conserving interactions. In calculating these expectation values we have used the narrow width approximation for the top: because the top width is much smaller than its mass (in view of the experimental upper bound on m t which is of the order of 200 GeV), the approximation of the onshell production of t andt followed by their weak decays yields a good description of the reactions considered here. We also neglected CP violation in the decays of t andt (for comments on this, see [11] ). For the parton distributions entering the calculation of expectation values in pp collisions we have used the parametrization of [37] . In order to assess the statistical sensitivity of the observables A 1 and A 2 , we have computed the signal-to-noise ratios A i /∆A i (i = 1, 2) for Higgs masses 100 GeV ≤ m ϕ ≤ 450 GeV both for √ s = 15 TeV (LHC) and √ s = 40 TeV. Here
2 denotes the width of the distribution of A i . We present our results in figs. 7 and 8 for the same parameter set as used in calculating the partonic asymmetries, that is, a = −ã = 1,ĝ V V = 1 (for the definition ofĝ V V see appendix, eqn. (A.9)). We integrate here over the whole phase space. Both observables have signal-to-noise ratios of order 10 −3 . LHC offers larger effects due to the fact that ∆A 1,2 is larger for √ s= 40 TeV.
If both t andt decay leptonically, one can look at the T-odd observable
where b,b denote the momenta of the b andb jets in the laboratory frame. (This observable was also discussed in [11] .) The expectation value of T 2 traces the spinspin correlations of (3.9) and (3.10). In fig. 9 we show the signal-to-noise ratio as a function of the Higgs mass for this observable, again with the same choice of parameters as for A 1,2 . The effect is also of the order of 10 −3 . We will now discuss in some detail possible contaminations of the observables A 1,2 and T 2 due to CP-conserving interactions. Such contaminations arise in particular because the pp initial state is not a CP eigenstate. One can give general arguments why these contaminations should be small. Most importantly, the dominant subprocess is gluon fusion which does not induce any CP-conserving contributions to our observables (cf. [11] and below). Furthermore, T-odd observables like T 2 do not receive contributions from CP-invariant interactions at the Born level but only from absorptive parts. The main background in this case comes from order α in R q . However, numerical simulations show that these contributions are smaller than 10 −6 , i.e. about three orders of magnitude smaller than the signal shown in fig. 9 . Potentially more dangerous are CP-even contributions to A 1 and A 2 , because, as will be shown below, they can already be generated by weak interactions at the Born level.
Integrating over the whole phase space we can actually give explicit analytic formulae for the expectation values of A 1 and A 2 in terms of the structure functions. This is very illuminating for identifying possible contaminations. We have carried out our calculations within the naive parton model (which neglects intrinsic transverse momenta of the incoming partons) and restricted ourselves again to gg andinitial states. Furthermore, we have used the narrow width approximation desribed above and have taken into account only the SM decays of t andt. Then we find:
Here σ is the total cross section for pp → ttX, s is the pp collision energy squared, g(y) = (1 + 2y + 3y 2 )/(2 + 4y), N 1/2 . Equations (4.4) and (4.5) exhibit several interesting features: -One can see explicitly that gluon fusion generates no CP-even contributions to the observables. -Quark-antiquark annihilation produces several contaminations: In A 1 a term ∼ zA q (z) appears which, after integrating over z, is nonzero only if A q (z) has a part which is odd in z; that is, if→ tt has a forward-backward asymmetry. Such an asymmetry is induced in order α which appear in both expectation values above because these terms can be generated at the Born level via→ Z → tt. We calculated their contributions and found that for both observables they are suppressed by more than two orders of magnitude in comparison to the signals shown in figs. 7 and 8.
A future multiple TeV and high luminosity collider like the LHC has the potential of producing more than 10 7 tt pairs. If it were for statistics alone detection of effects of a few permil which we found might be feasible. More detailed (Monte Carlo) studies including judicious choices of phase space cuts are required in order to explore the possiblity of enhancing the signals by some factor. A crucial issue will eventually be whether detector effects can be kept at the level of 10 −3 .
Conclusions
In this article we have studied the possibility of detecting CP violation in top quark pair production at future hadron colliders. We have given a general kinematic analysis of the underlying dominant partonic subprocesses and identified the relevant CP asymmetries at the parton level. We have further computed these asymmetries in two-Higgs doublet extensions of the SM where CP violation is generated through neutral Higgs boson exchange. Whereas at the parton level these models can induce asymmetries of the order of a few percent, realistic observables built up from energies and/or momenta of the final states into which the top quarks decay give signal-tonoise ratios of up to a few ×10 −3 . Contaminations by CP-conserving interactions were shown to be much smaller than the signals. Since the issue of CP violation is of fundamental interest detailed investigations of the experimental feasibility of an observation of these effects would certainly be worthwhile.
Appendix
In this appendix we list our analytic results for the structure functions of the tt spin density matrix R g defined in equ. (2.1)-(2.3) and decomposed into CP-even and CP-odd parts in equ. (2.6)-(2.8) and also the corresponding functions in R q defined in (2.9). All calculations are carried out in the two-Higgs doublet extensions of the SM described in section 3. The relevant Feynman diagrams are shown in figures 1a-h for the process gg → tt and in figures 2a,b for→ tt. R q is obtained very easily: The CP-even part is determined to good approximation by the Born diagram fig. 2a , whereas R q CP results from the interference of fig. 2b (with couplings aã = −γ CP ) with fig. 2a . The nonzero CP-even structure functions of R q read:
Here and in the following g s denotes the strong coupling constant, E 1 is the energy of the top in the CM system of the incoming partons and
The CP-odd contributions are:
Here G F is Fermi's constant and
where
is a standard three-point scalar integral which can be reduced to dilogarithms [38] . We note here that for the models of section 3 all structure functions are ultraviolet finite. In particular, the scalar two-point functions B 0 show up in all our results only as differences of the form
This completes our results for the matrix R q . The computation of R g is more involved since the contribution of fig. 1h becomes resonant if m ϕ > 2m t . (Fig. 1h actually represents four amplitudes: two CPconserving ones with couplings a 2 andã 2 , respectively, and two CP-violating ones with couplings aã.) The width of ϕ must therefore be taken into account in the ϕ propagator. We compute Γ ϕ by summing the partial widths for ϕ → W + W − , ZZ, tt in the two-Higgs doublet model which contains (3.1). At the Born level only the CP = +1 component of ϕ couples to W + W − and ZZ. The couplings are given by the respective SM couplings times the factor
Explicitly,
Here we have used the notation β W,Z,t = (1 − 4m
. In order to incorporate the resonance region we have determined R g even from the squared Born amplitudes figs. 1a, 1b, the interference of fig. 1a with the CP-even amplitudes of fig. 1h , and the squared amplitudes of fig. 1h . We denote the Born contributions by a lower index "Born" and the other two contributions by a lower index "resonance" in the following. The results for the nonzero structure functions of R g even are: 
In this expression, 
(A.20)
As can be seen seen explicitly from these formulae, all contributions to the functions b CP g1 and b CP g2 result either from absorptive parts of the one loop amplitudes or from terms of the form: width Γ ϕ times dispersive terms (which is present only in b (h) g2 ). This is in agreement with the general statements made in section 2. One can also check the relations following from Bose symmetry as given in table 1. The functions c g1 and c g2 arise from dispersive parts in the one loop amplitude or width terms times absorptive parts (which is present only in c (h) g2 below). They read: Table 1 CP P T CPT "Bose" (ImT = 0) (ImT = 0)
Figure Captions fig. 7 , but for the observable T 2 (defined in (4.3) ).
